Mutant alleles are frequently characterized by low expression levels. Therefore, cDNA array-based gene expression profiling may be a promising strategy for identifying gene defects underlying monogenic disorders. To study the potential of this approach, we have generated an X chromosome-specific microarray carrying 2423 cloned cDNA fragments, which represent up to 1317 different X-chromosomal genes. As a prelude to testing cell lines from patients with X-linked disorders, this array was used as a hybridization probe to compare gene expression profiles in lymphoblastoid cell lines from normal males, females and individuals with supernumerary X chromosomes. Measurable hybridization signals were obtained for more than half of the genes represented on the chip. A total of 53 genes showed elevated expression levels in cells with multiple X chromosomes and many of these were found to escape X-inactivation. Moreover, the detection of a male-viable deletion encompassing three genes illustrates the utility of this array for the identification of small unbalanced chromosome rearrangements.
INTRODUCTION
Since their first description <5 years ago (1), cDNA microarrays have become indispensable tools for monitoring gene expression profiles in a wide variety of species and tissues. In cultured cells, expression profiling with cDNA arrays has led to the identification of genes that are regulated in a coordinated manner during the cell cycle, under nutritional constraints or after treatment with hormones (2-4). cDNA-based gene expression profiling in normal and malignant tissues is beginning to shed light on the molecular mechanisms involved in tumorigenesis and tumour progression (5, 6) . Similar approaches are being employed in cell culture or animal models for drug testing (7, 8) and another emerging field is the search for secondary effects of defined disease genes on the expression profile of cells to identify downstream target genes and to elucidate the pathogenesis of hereditary disorders (9) . In contrast, cDNA array-based expression profiling has been employed in a sole publication so far to search for primary defects underlying genetic disorders (10) .
To date, causative gene defects have been found for only 20% of the >5000 monogenic disorders known in man (11) and thus the molecular elucidation of Mendelian disorders is still a major challenge. As sequencing of the human genome approaches completion, mutation screening in candidate genes has replaced positional cloning as the strategy of choice for identifying disease genes, but for both approaches, precise mapping of the relevant genetic defect is a crucial prerequisite. Since most of the Mendelian disorders that have not yet been elucidated are rare or genetically heterogeneous, however, linkage intervals are often wide and may encompass hundreds of genes. Therefore, identification of the relevant disease gene by systematic mutation screening in patients may be very tedious and time-consuming even if the chromosomal location of the underlying defect is already known.
In contrast, the strategy to use chromosome-specific cDNA arrays to search for primary changes in the gene expression profile of patients is conceptually simple and very fast. There are, however, several problems that might limit the practical use of this approach, e.g. the fact that gene expression profiling in patients is confined to accessible cells and tissues such as blood cells and fibroblasts. So far, little is known about the proportion of all human genes that are expressed in these cells at sufficiently high levels to allow quantification with cDNA arrays, and it is not clear whether this approach is also feasible to search for gene defects that are primarily manifest in other tissues such as the brain. The most fundamental problem of this strategy is its limitation to mutations that significantly alter the intracellular concentration of the relevant mRNA transcript (12, 13 To address some of these problems, we have employed an X chromosome-specific cDNA microarray representing up to 1317 X-chromosomal genes, to study their expression in Epstein-Barr virus (EBV)-transformed lymphoblastoid cells from normal males and females and from individuals with supernumerary X chromosomes. The human X chromosome was chosen as a model for this approach because of the large number of known X-linked disorders. Moreover, in affected males, aberrant expression of X-linked genes is easier to detect because it is not 'diluted' by heterozygosity. X-chromosomal genes were identified by computer-assisted comparison of cDNA sequences derived from UniGene expressed sequence tag (EST) clusters (http://www.ncbi.nlm.nih.gov:80/UniGene/ ) with genomic sequences from the human X chromosome, including ∼600 EST clusters and genes that had been mapped to the X chromosome previously. For each of these clusters, one or several probes were selected from the IMAGE collection of cDNA clones (14) and were deposited on activated glass slides to generate the X chromosome-specific cDNA microarray.
RESULTS

Differential expression of X-chromosomal genes in male and female cells
By reverse transcription of mRNA from male and female lymphoblastoid cell lines, cDNA was generated and labelled with fluorochromes Cy3 (pseudo-coloured green) and Cy5 (pseudo-coloured red), respectively. Differentially labelled cDNA preparations were co-hybridized to the arrays in several independent experiments. Consistently, close to 50% of the 2423 X-specific EST clones on the chip yielded hybridization signals exceeding the background, defined as two standard deviations above the average signal of 15 plant genes which were used as negative controls. These results were independent from the fluorochrome employed. These data indicate that in lymphoblastoid cells, expression profiling is possible for at least 50% of all genes represented on the chip. In a limited number of analogous experiments with cDNA from male and female fibroblasts, similar results were obtained (data not shown). Further analysis revealed that certain genes showed higher hybridization signals with female than with male cDNA, including XIST and several genes that had been shown previously to escape from X-inactivation (15) (16) (17) (18) (19) .
Many genes showing dosage-dependent expression escape from X-inactivation
To study this finding in more detail, analogous analyses were performed with Cy3-labelled cDNA from five different human lymphoblastoid cell lines, carrying four or five X chromosomes. In duplicate experiments, pools of Cy5-labelled cDNA from five cell lines with normal male and normal female karyotypes, respectively, were co-hybridized to the microarray as internal standard (Fig. 1) . In this way, 20 different data sets were obtained for each of the 2423 X-chromosomal cDNA clones on the chip. After background subtraction and normalization of the data by comparison with signal intensities of 49 clones representing human housekeeping genes, global analysis revealed that in cell lines with supernumerary X chromosomes, hybridization signals were skewed towards higher values. To identify individual genes showing elevated expression levels in cells with multiple X chromosomes, areas including 95% of the signal intensity ratios (i.e. the ratios of signal intensities obtained with cDNA from cells with four or five X chromosomes, versus hybridization intensities with cDNA from normal male or female cells) were calculated. Signal intensity ratios that fell outside the 95% thresholds, indicating elevated expression levels in cells with supernumerary X chromosomes in at least 10 of the 20 data sets, were considered as biologically relevant; this was the case for 88 different clones corresponding to a minimum of 59 different EST clusters. The identity of 53 of the 59 clusters could be confirmed by sequencing of the respective IMAGE clones (listed in Table 1 ).
To substantiate our assumption that many of these genes escape from X-inactivation, RT-PCR experiments were performed to amplify transcripts of these genes from five independent human-rodent somatic cell hybrids carrying a single inactive human X chromosome. Of 19 PCR primer pairs, 11 representing different EST clusters from this list yielded human-specific amplification products on mRNA from one or several of these somatic cell hybrids ( Table 1 ). Three of these 11 genes were already known to escape from X-inactivation, whereas none had been reported previously as being subject to X-inactivation. Altogether, prior information about the X-inactivation state was available for 19 of the 53 'outliers'. Of these, 12 escaped from X-inactivation, 1 showed a polymorphic inactivation pattern, and 6 were not expressed when carried on inactive X chromosomes. Thus, 63% (12 of 19), or ∼33, of the genes showing elevated mRNA concentrations in cells with supernumerary X chromosomes may escape from X-inactivation.
Regional localization of genes that are overexpressed in cells with supernumerary X chromosomes
Genes that escape from X-inactivation are thought to cluster on the short arm of the human X chromosome, which is evolutionarily 'younger' than the long arm (17) . Of the 53 genes identified in this study, 27 map to Xp, whereas 26 map to Xq. Of the 27 genes on Xp, 11 had previously been reported to escape from X-inactivation and none had been found to be inactivated. In Figure 1 . Segment of the X chromosome-specific cDNA array hybridized to Cy5-labelled cDNA from a lymphoblastoid cell line with multiple X chromosomes and Cy3-labelled cDNA from a male lymphoblastoid cell line. Pseudo-coloured red spots indicate genes which are overexpressed in cells with multiple X chromosomes. XIST cDNA clones are marked by a white box.
contrast, only 2 of the 26 genes on Xq escape from X-inactivation or have a polymorphic inactivation pattern, respectively, but 6 of the 26 genes on Xq are known to be subject to X-inactivation. Our RT-PCR analyses were in keeping with these findings: all genes expressed in at least three of the five rodent-human somatic cell hybrids carrying an inactive human X chromosome were located on Xp, whereas none of the genes on Xq was expressed in more than two of these cell lines (Table 1) .
Identification of disease-causing mutations with cDNA microarrays
To demonstrate the utility of the X chromosome-specific cDNA microarray for detecting molecular defects in patients with X-linked disorders, EBV-transformed lymphoblastoid cells from a mentally retarded male patient with an interstitial deletion on the long arm of the X chromosome (20) were screened for aberrant gene expression patterns. mRNA from this cell line was reverse transcribed, labelled with Cy3 and cohybridized to the array with Cy5-labelled control cDNA, derived from normal male lymphoblastoid cells. Image analysis revealed differential hybridization signals for three genes (P2Y10, ITM2A and SH3BGRL), indicating lack of the corresponding transcripts in the patient's cell line (Fig. 2) . Subsequent PCR analyses confirmed that all three loci are indeed deleted in the patient (data not shown). In contrast, CHM, POU3F4 and RSK4, three genes known to be deleted in the patient, could not be identified as such by expression profiling because of their low expression levels.
DISCUSSION
In this article, we have described the generation of a human X chromosome-specific cDNA microarray carrying probes from 1317 different EST clusters. In a first series of experiments we have used this array, the only one of its kind published to date, to systematically search for differences in the expression profiles of cultured cells from normal males, females and patients with supernumerary X chromosomes. In this way, we have identified 53 genes showing significantly elevated expression in cells with multiple X chromosomes. Two lines of evidence support the assumption that many of these are not subject to X-inactivation. (i) Of these 53 genes, 12 were already known to escape from inactivation, whereas normal inactivation had been reported for only 6; and (ii) we could show that 11 of 19 genes with unknown X-inactivation status are expressed in somatic cell hybrids carrying an inactive human X chromosome but no active human X chromosome. However, according to our data, escape from X-inactivation may not be the only reason why the expression of some of the X chromosomal genes represented on microarray seems to be dosage dependent. Instead, the over-expression of certain X-chromosomal genes in cells with supernumerary X chromosomes may be due to other regulatory mechanisms.
In the present study, some of the non-inactivated genes could not be identified as such since they were not represented as IMAGE clones on the array or showed no expression in lymphoblastoid cells. Others may have been overlooked because our selection criteria (i.e. significantly elevated expression in at least 10 of 20 independent experiments) are too strict, and it may be possible to identify additional genes by modest relaxation of these criteria. Indeed, several of the previously described non-inactivated genes show elevated expression in 8 or 9 of 20 experiments. It may be that some of these genes have been missed because of polymorphic inactivation patterns, i.e. because they are expressed on some inactive X chromosomes but not on others (17, 21) or, alternatively, because they are much less active when carried on an inactive X chromosome. Semi-quantitative RT-PCR studies have revealed that expression levels of genes on inactive X chromosomes are often far lower than on active X chromosomes (21) . For the steroid sulphatase (STS) gene, one of the first genes known to escape from X-inactivation, previous enzyme activity measurements have shown that in female somatic cells with an active and an inactive X chromosome, enzyme levels are only 30% higher than in male cells (22) . Our current experiments have identified the STS gene as an 'outlier', albeit only just: in 11 of 20 data sets obtained by cDNA-based expression profiling, STS gene expression levels were significantly higher in cells with multiple X chromosomes than in male and female controls. Assuming that transcription rates of STS genes on inactive X chromosomes correspond to 0.3 times the transcription rates on active X chromosomes, signal intensities in cell lines with four X chromosomes should be 1.46-1.9 times higher than in normal female or male cells, respectively, which agrees well with the ratios observed (1.43 and 1.70, respectively).
Not unexpectedly, the most striking results were obtained for the XIST gene, which yielded significantly elevated signal intensity ratios in 20 of 20 data sets. Since this gene is only expressed on inactive X chromosomes, transcription levels in female cells should be directly proportional to the total number of X chromosomes minus one. In cells with four or five X chromosomes, intracellular mRNA concentrations should therefore be 3-4 times higher than in normal female cells (assuming that mRNA concentrations are proportional to the transcription rate). Therefore, these analyses suggest that 3-fold differences in the expression level of individual genes can be reliably detected even in single experiments.
Thus, although originally designed as pilot experiments for gene expression profiling in patients with X-linked disorders, these studies have opened a new and fast route to completion of the map of non-inactivated genes on the human X chromosome. At the same time, we have shown here that with mRNA from lymphoblastoid cells, expression levels can be monitored for at least 50% of all X-linked genes represented on the chip. In part, these results may be due to over-representation of ubiquitously expressed genes among known ESTs, the primary source of cDNA probes used for this array. However, it should be possible to attain even higher coverage of X-chromosomal genes by using mRNA from other cells and tissues, such as cultured keratinocytes or hair bulbs, that are routinely accessible, or can be obtained by biopsies in a diagnostic context. Moreover, the number of genes represented on the chip can be further expanded. With sequencing of the human genome approaching completion, novel genomic sequences from the X chromosome are being released every day, and the generation of a second, larger X chromosome-specific cDNA array is already in progress.
After having demonstrated its usefulness for identifying X chromosomal deletions, this array is being employed to systematically search for specific changes in the gene expression profile of patients with disease-associated balanced rearrangements of the X chromosome (http://www.molgen.mpg.de ). Subsequent experiments will include patients with a wide variety of X-linked conditions, including 150 samples from unrelated patients with unspecific and syndromic forms of X-linked mental retardation (MRX), which have been collected by the European MRX Consortium in France, Belgium, The Netherlands and Germany. Results of these studies should enable us to reliably estimate the proportion of clinically relevant mutations which significantly alter the intracellular concentration of specific transcripts and, in particular, to determine the possibilities and limitations of this approach for the identification of gene defects underlying disorders of brain function.
Although the X chromosome and X-chromosomal gene defects are particularly appealing targets for this approach, it should also be feasible for other chromosomes and chromosomally assigned genetic disorders. Above all, this holds for the analysis of balanced and unbalanced chromosome rearrangements, which are available through the Mendelian Cytogenetic Network (http://mcndb.imbg.ku.dk/index.php ), and the construction of other chromosome-specific arrays is therefore envisaged. Given the encouraging results of recently published pilot experiments (23), these cDNA arrays may also be valuable diagnostic tools for the detection of small deletions and duplications in somatic cells and tumour tissues.
MATERIALS AND METHODS
Cells and cell culture
Female lymphoblastoid cell lines containing four or five X chromosomes were obtained from the Coriell Institute for Medical Research and grown according to the manufacturer's instructions. 
Continued opposite
Human-rodent somatic cell hybrid cell lines containing an inactive human X chromosome were provided by Dr Carolyn Brown (Department of Medical Genetics, University of British Columbia, Vancouver, Canada), Prof. Dr Peter Steinbach (Department of Medical Genetics, Ulm, Germany) and Dr Frans Cremers (Department of Human Genetics, Nijmegen, The Netherlands). Cells were grown in Dulbecco's modified Eagle's medium/F12 containing 2 mM L-glutamine, 10% fetal calf serum, and 100 U/ml each of penicillin and streptomycin and harvested at 80-90% confluency.
RNA isolation, cDNA synthesis and PCR amplification
Total RNA from lymphoblastoid cells and fibroblasts was isolated using the Trizol reagent (Gibco BRL), and labelled target cDNA was generated by direct incorporation of fluorescent nucleotide analogues during reverse transcription. For each labelling experiment, 25 µg of total RNA was used in an oligo(dT) primed reaction in the presence of 100 µM Cy3-or Cy5-dUTP (Amersham Pharmacia Biotech Europe), 200 µM dTTP and 500 µM dATP, dCTP and dGTP (Roche Molecular Biochemicals). The labelled cDNA was purified using the Qiaquick PCR purification kit (Qiagen). Deletion in patient RvD was investigated by PCR amplification using primer set: 18a3.1for, 5′-TTTAATCATAGCATACTACATAGCTCA-3′, and 18a3.1rev, 5′-AAGAAATCTATTTCATACCATGGAG-3′, for PGK1; 10f1for, 5′-TTTCCCATCCTGAGAAGCAC-3′, and 10f1rev, 5′-TCCAAAAGGCAGCAGAGACT-3′, for P2Y10; 17h5for, 5′-GGCAAAAAGTAAAGACCAGCA-3′, and 17h5rev, 5′-TGCCCGTTTAAAACAACTCA-3′, for SH3BGRL; 5c2.1for, 5′-GCTGTTTGGGCTAACAGGAT-3′, and 5c2.1rev, 5′-TTGCCGGTCAGTATCTGAGTT-3′, for ITM2A. Amplifications consisted of a total of 35 cycles at 94°C for 45 s, 55°C for 45 s and 72°C for 1 min.
Selection and isolation of cDNA clones
A total of 2423 putative human X chromosome-specific cDNA clones, representing 1317 different human genes (UniGene clusters) were isolated, including all EST clusters from the UniGene database (24) (25) (26) known to map to the human X chromosome, and others which were identified through alignment with known genomic sequences from the human X chromosome. These sequences were downloaded from http:// www.ebi.ac.uk/∼sterk/genome-MOT/ into a local database, which is updated at weekly intervals to incorporate new sequence information from the relevant EMBL database. Repeats, including simple repeats and low complexity regions, were detected by RepeatMasker (27) , and the respective regions were masked. Masked sequences were used in a blastn (28) search against the human UniGene database (hs-unigene; ftp://ncbi.nlm.nih.gov/repository/unigene/ ). The output was filtered using MSPcrunch (29) , which allows restriction of the output to blast hits with a minimum of 95% identity. In a second filtering step the blast results were further reduced by eliminating all sequences where the 95% sequence identity did not extend beyond an adjacent region of 150 nucleotides. These cut-off values represent a compromise based on experience. More stringent cut-offs result in a lower rate of false positives, but a higher risk of missing some X-specific clusters. The estimated rate of false positives with the selected cut-off values is 15%, mainly due to highly conserved domains of gene families and wrongly annotated genomic sequences. In this way we identified 1451 UniGene clusters assumed to be X chromosome specific. If existent, two representative IMAGE clones for each cluster were selected. IMAGE clones for 1317 of the 1451 UniGene clusters were available through the resource centre of the German Human Genome Project (RZPD Berlin; http://www.rzpd.de/ ). The estimated error rate associated with the IMAGE clone library due to interchanges and cross-contamination of clones is 14% (estimated by sequencing 192 putative X chromosome-specific IMAGE clones). After hybridization, clones of interest were checked carefully by re-sequencing, as outlined in Results.
Radiation hybrid data were available for some of the UniGene clusters (http://www.ncbi.nlm.nih.gov/genemap/ ). Physical map positions and cytogenetic localizations were taken from http://www.ncbi.nlm.nih.gov/genome/seq/ (30) and http://ixdb.molgen.mpg.de/ (31).
Generation of cDNA microarrays
Amino-silane-coated slides (PE Biosystems) were treated according to Guo et al. (32) .
EST clone inserts were amplified using standard conditions with 5′-amino-modified primers M13for (5′-GTA AAA CGA CGG CCA G-3′) and M13rev (5′-CAG GAA ACA GCT ATG AC-3′) obtained from Metabion. All PCR products were evaluated by agarose gel electrophoresis and classified as 1 (single product), 2 (weak product), 3 (no product) or 4 (multiple products). Purified PCR products were re-suspended in 5 µl of 100 mM sodium carbonate/bicarbonate buffer (pH 9.0) and printed on slides using a robotic spotting device (Beecher Instruments). Spotting volume was ∼5 nl at each site, resulting in spots of ∼200 µm in diameter.
Microarray hybridization
Labelled cDNA targets were re-suspended in hybridization solution (50% formamide, 6× SSC, 0.5% sodium dodecyl sulphate (SDS), 5× Denhardt's solution), to which 1 µl of poly(dA) (1 µg/µl) and 1 µl of human Cot-1 DNA (1.25 µg/µl) were added. The resulting reaction solution was concentrated to 25 µl, denatured at 95°C for 3 min and snap-cooled on ice. Hybridization took place under a coverslip at 42°C for 16 h. The slides were washed at room temperature in 0.2× SSC and 0.01% SDS for 5 min, followed by two washing steps in 0.2× SSC for 5 min each. Genes located within a deletion of the proximal long arm of chromosome X in a male lymphoblastoid cell line show decreased expression levels in a hybridization experiment with the X chromosome-specific cDNA array. cDNA from the cell line carrying the deletion between the PGK1 and PLP locus (indicated by a dotted line) was labelled with Cy3 (green), cDNA from a male lymphoblastoid control cell line with Cy5 (red). The absence of cDNA corresponding to genes within the deletion which show detectable expression levels in lymphoblastoid cells such as P2Y10, ITM2A and SH3BGRL results in a high ratio of red to green signal (boxed spots on the chip, genes P2Y10 and ITM2A are represented by two cDNA clones). The precise order of genes within the deletion is not known.
Image acquisition and data analysis
Fluorescence intensities of Cy3 and Cy5 were measured separately at 532 and 635 nm with a laser scanner (418 Array Scanner; Affymetrix). The resulting 16-bit data files were imported into a custom-made image analysis software (Y. Chen, personal communication), which runs as extensions of IPLab Spectrum Software (Scanalytics).
The software identifies and extracts the average fluorescence intensity of the target site by a pixel selection method based on the Mann-Whitney test. A normalization of the Cy3-and Cy5-image is done on the basis of 48 housekeeping clones and upper and lower limits of differential gene expression ratios are calculated using a maximum-likelihood estimation algorithm. The discrimination of differential gene expression was performed at a significance level of 95%.
RT-PCR with Xi hybrids
RNA was prepared from five mouse or hamster somatic cell hybrids retaining an inactive human X chromosome, a female human control cell line as well as from a mouse and a hamster control cell line using Trizol reagent (Gibco BRL). cDNA amplified with the SMART RACE cDNA amplification kit (Clontech) was used as a template for PCR reactions. To exclude contaminating genomic DNA as a template of the obtained PCR products, RNA diluted appropriately was used as a control. Specific PCR primers were designed on the basis of EST or mRNA sequences in the database for 19 randomly selected clones of the 53 outlier clones identified by microarray experiments.
